I. INTRODUCTION
A MPLITUDE scintillation along microwave and millimeter-wave slant paths can represent a noticeable impairment to the goal of ensuring high channel availability with very low margins [1] - [3] . The design of earth-satellite links has to cope with the possible severity of scintillation, especially when small size antennas and low elevation angles are involved [4] , [5] . This impact increases with beacon frequency and is dependent on the tropospheric turbulent state along the path which causes statistical inhomogeneities of refractivity [6] , [7] . Atmospheric turbulence is generally originated from temperature, humidity, and wind gradient fluctuations, which are supposed to be enhanced in a cloudy atmosphere [8] , [9] . There is fairly good experimental evidence on the fact that microwave scintillation can be also attributed to turbulent mixing of air masses with different water contents in and around stratus and cumulus nonraining clouds [10] , [11] . Previous work has shown how clear-air amplitude scintillation can be statistically related to surface meteorological measurements and to columnar water vapor (CWV) content [2] , [12] . The latter can be estimated by either ground-based microwave radiometers or by Global Positioning System (GPS) receivers (e.g., [13] - [15] ). The analysis, carried out to demonstrate a correlation on a monthly basis between amplitude scintillation and clear-air path attenuation (i.e., between amplitude scintillation and clear-air path averaged on time intervals of 1 mo), was based on a coupled model able to simulate both microwave amplitude scintillation and multifrequency brightness temperatures from radiosounding data providing pressure, temperature, humidity, and wind profiles [2] , [16] .
Theoretically speaking, cloud liquid water effects on amplitude scintillation in the millimeter-wave band are expected to be due to the superposition of an absorption and a scattering fluctuation mechanism [17] , [18] . The absorption mechanism produces a low-pass power spectra (up to about 10 mHz, depending on frequency and imaginary part of refractivity) with a logarithmic slope of 8/3 [10] . The scattering mechanism is predominant at higher spectral frequencies where turbulent eddies, with sizes between the inner and outer scale of turbulence, pass through the first Fresnel ellipsoid. In the intermediate frequency region, absorption and scattering mechanisms are superimposed giving rise to an oscillatory behavior of amplitude temporal spectra. By appropriate filtering of received amplitude time series, it can be possible to separate cloud-induced scattering effects on signal scintillation [19] .
In this paper, we further extend the previous analysis to include the effects of cloud liquid water along slant paths. The aforementioned coupled model is set up to simulate radiometric responses in presence of nonraining clouds using radiosounding data and a cloud model based on a saturated-humidity threshold. From a statistical analysis applied to numerical simulations, a dual-channel retrieval algorithm is derived to estimate simultaneously CWV and columnar liquid water (CLW) contents from ground-based measured brightness temperatures, hourly or monthly averaged. Cloud mean radiative temperature and millimeter-wave path attenuation are also modeled and predicted. Measured data acquired at the ITALSAT ground-station of Spino d'Adda (Milan, Italy), equipped with three satellite beacons at 18.7, 39.6, and 49.5 GHz together with a multichannel radiometer at 13.0, 23.8, and 31.6 GHz and a conventional meteorological station, are 0018-926X/03$17.00 © 2003 IEEE used to investigate cloud-induced scintillation. Time series of beacon, meteorological, and radiometric observations during 6 yr, from 1994 to 1999 are processed. Statistical results on a monthly basis are illustrated in order to investigate the degree of correlation between ITALSAT scintillation variances and retrieved cloud water vapor and liquid water. Considerations about possible impact of this analysis on the development of scintillation prediction models are finally illustrated.
II. RADIOMETRIC ESTIMATION OF CLOUD PARAMETERS
Columnar content of cloud liquid water is a difficult parameter to be quantified. In situ measurements, such those provided by radiosoundings (RAOBs), do not provide liquid water data, but only relative humidity profiles [20] . From RAOB humidity saturation, to some extent it is possible to infer the presence of liquid water layers. On the other hand, ground-based microwave radiometry is recognized to be a precious tool for retrieving both columnar water vapor and cloud liquid water [13] , [14] . Here we follow a model-based approach, based on the application of a liquid-water insertion scheme and a microwave radiative transfer model applied to radiosounding profiles, i.e., pressure, temperature, and humidity data.
A. Cloud Radiometric Model
In order to simulate the observed brightness temperature by a ground-based microwave radiometer, the radiative transfer equation (RTE) can be utilized. In a cloudy nonraining atmosphere and for frequencies below 90 GHz, scattering phenomena can be generally neglected [21] . In this special case, RTE has a closed-form solution. A compact form to express the observed at an elevation angle and frequency is given by the following [13] , [14] (1) where is the cosmic background brightness temperature (equal to 2.73 K at microwaves frequency band) and is the total optical thickness along the slant path coordinate between the radiometer antenna at and the top-of-the-atmosphere at . The optical thickness can be computed by (2) being the absorption coefficient due to atmospheric gases and clouds related to local pressure, temperature, specific humidity, and hydrometeor contents at thermodynamic equilibrium. Definition (2) is such that it holds . The variable in (1) is the mean radiative temperature, depending on , , and the atmospheric state through [13] (3) where is the physical temperature distribution along the path. Note that only if both and are constant (i.e., spatially homogeneous atmosphere), it holds that the mean radiative temperature coincides with the physical temperature itself.
In order to consider a vertically stratified atmosphere with levels associated to each RAOB level, the radiative transfer equation has been solved numerically. In a plane-parallel atmosphere, the slant optical thickness can be simply related to the zenithal one through . The Liebe model has been employed to compute the atmospheric absorption [21] . It gives a detailed description of the spectral absorption of humid air and liquid water in the frequency range from 1 to 1000 GHz as a function of the local temperature, pressure, and relative humidity.
Cloud liquid water has been attached to each RAOB profiles by choosing a threshold of 90% for relative humidity. The amount of liquid water has been assigned to each detected layer by using the criterion of Decker et al. [20] . In order to randomize this deterministic choice, which generally tends to overestimate the liquid amount, for each cloud RAOB candidate profile other two profiles have generated imposing a liquid water content Gaussianly distributed with a mean value equal to 1/2 and to 1/4 of the predicted one and a standard deviation equal to 10% of the mean value, slightly generalizing what suggested in [20] .
To perform radiometric simulations, we have selected RAOBs, acquired during 1989 twice a day around 12:00 Local Mean Time (LMT) and 24:00 LMT. Only possible cloudy RAOBs have been considered in this paper with a lower threshold on CLW content of 0.01 kg m . We have also considered beacon frequencies at 18.7, 39.6, and 49.5 GHz with a 37.8 elevation angle together with three radiometric frequencies at 13.0, 23.8, and 31.6 GHz at the same 37.8 elevation angle. These simulation parameters are those of the ITALSAT ground station, considered later.
B. Cloud Retrieval Algorithm
Illustration of numerical results, derived from the application of the radiometric cloud model, can highlight the physical dependence of the brightness temperature on CWV and CLW contents. Fig. 1 shows columnar water vapor content against surface temperature and wet refractivity (left panels) together with columnar liquid water content against surface temperature and columnar water vapor content (right panels), derived from cloud radiometric model applied to cloudy RAOBs, as described earlier. Surface wet refractivity
[%] has been calculated as suggested by Karasawa et al. [1] . Note that 1 kg m corresponds to 1 mm of precipitable water.
It should be underlined that nonraining clouds, such as stratiform clouds (i.e., stratus and altostratus) and cumuliform clouds (i.e., altocumulus, cumulus humilis, mediocris, and congestus), have generally liquid water densities of about 0.25 to 0.5 g m and 0.5 to 1.0 g m , respectively, with a typical vertical extension of about 0.1 to 2 km and 1 to 5 km [22] , [23] . It turns out that columnar contents of about 0.1 to 1 kg m are characteristic of stratiform clouds, while values between 1 and 5 kg m are probably due to cumuli.
In cloudy conditions, CWV content results to be fairly well correlated with surface temperature (with a correlation coefficient of about 0.9) and, to a less extent, with surface wet refractivity (with a correlation coefficient of about 0.6). These correlations have a physical meaning being water vapor concentration strongly related to ground evaporation and to relative humidity increase.
Cloud liquid water is poorly correlated (about 0.1) to both surface temperature and water vapor content. Indeed, cloud formation is a complex process where surface and columnar atmospheric state can represent a necessary conditions, not always sufficient to indicate cloud presence. Cloud droplet nucleation is highly affected by aerosols and atmospheric particulate, while accretion and coalescence can highly depend on atmospheric circulation [22] .
Simulated ground-based mean radiative temperature and brightness temperatures s at 13.0, 23.8, and 31.6 GHz with a 37.8 elevation angle are plotted in Fig. 2 . In cloudy conditions s tend to saturate with the increase of columnar water vapor, showing a correlation of about 0.85 at all frequencies.
at 23.8 is higher than that at 13.0 and 31.6 GHz, being latter much more affected by cloud liquid water. It is worth noting that surface temperature does not generally represent a satisfactory approximation for , a result which generalizes what already shown in clear-air conditions [16] , [19] . Mean radiative temperature is almost linearly related to surface temperature, but smaller than it by about 10, 8, and 4 K at 13, 23.8, and 31.6 GHz, respectively. The scatterplot of s denotes the expected different sensitivity of each radiometric channel to cloud parameters, being 13.0-GHz less sensitive to both columnar water vapor and liquid water increase and 23.8-GHz much more disperse than 31.6 GHz with respect to columnar liquid water due stronger water vapor effects [13] , [14] .
From previous results and from (1) , it is possible to derive a statistical estimator of both columnar water vapor and liquid water contents from s measurements. An additive radiometric noise has been superimposed to simulations, supposing a zero-mean Gaussian distribution with a standard deviation of 1 K. A general regression analysis has indicated that cubic polynomial forms are the most accurate expressions for cloud parameter estimation, as follows: (4) where the regression coefficients , , and are dependent on frequency and observation angle. Note that represents the radiometric frequencies at 23.8 and 31.6 GHz, having excluded 13.0 GHz channel whose contribution to final accuracy has revealed to be negligible. Expected root mean square (rms) errors on and estimates are of 1.00 kg m (with correlation of 0.99) and 0.28 kg m (with correlation of 0.97), respectively.
III. ANALYSIS OF CLOUD-INDUCED SCINTILLATION

A. ITALSAT Ground-Station Data
We have considered measurements from the ITALSAT ground station in Spino d'Adda (Italy), close to Milan, where beacons at 18.7, 39.6, and 49.5 GHz (received from F1 platform) have been sampled at 1 Hz rate with a multiband antenna of 3.5-m diameter pointing at 37.8 elevation angle [24] . A clear-sky attenuation threshold of 1.5 dB has been applied in order to select cloudy events. Variances dB of log-amplitude scintillation at ITALSAT frequencies have been computed every minute using, as a conservative choice, an eighth-order Butterworth high-pass filter with cutoff frequency of 20 mHz [19] .
Meteorological data, consisting of surface temperature and relative humidity RH , have been also measured at the same ground station of Spino d'Adda every ten minutes. Three radiometric channels at 13.0, 23.8, and 31.6 GHz, located few meters far from beacon receiver (less than 20 m), pointing at 37.8 elevation angle as well, have been also available at the same site every minute. Radiometric systems were routinely calibrated by means of a tipping-curve method (giving a radiometric accuracy of about 1 K) and they were used to cross-check the presence of clouds along the ITALSAT satellite path [16] . Basically, the assessment of cloudy conditions was carried out by verifying the beacon attenuation at 18.7 GHz to be greater than 1.5 dB, at 23.8 GHz, and 31.6 GHz to be greater than 90 and 100 K, respectively, together with estimated greater than 0.1 kg m . For this paper, six years of concurrent (i.e., only time intervals when all measurements were available have been considered) meteorological, radiometric, and beacon data have been available from January 1, 1994 to December 31, 1999 for the three ITALSAT beacons. Only data at 18.7 and 39.6 GHz will be shown in this paper. Radiometric data have been used to retrieve every minute both columnar water vapor and liquid water contents using (4). Since this paper has been mainly oriented to long-term analysis, monthly averages of measured time series of surface (i.e., , , and ) and remotely sensed (i.e, and ) meteorological data have been performed.
Scintillation amplitude variances (calculated every minutes) have been first transformed into log-variances conventionally measured in Np with given in dB , and then monthly averaged. As a result, we have obtained the monthly mean
[Np] of scintillation amplitude log-variance [3] :
and its monthly standard deviation [Np] (6) where the angle brackets stand for temporal (monthly) averaging, is the antenna aperture-averaging factor, basically dependent on antenna size, antenna efficiency, and turbulence effective height. The dependence of on elevation angle and frequency has been put explicit. The convenience of using (5) and (6) to represent scintillation data will be discussed in Section III-C.
B. Data Analysis
The results of the statistical analysis on a monthly basis are shown in Figs. 3 and 4 where the mean values of scintillation log-variances at 18.7 and 39.6 GHz, respectively, are represented against ground-based measured s using 6 yr of measurements. The data symbol between 01 and 12 stands for the month number so that statistical values include interannual variability as well. The error bars indicate the standard deviation around the monthly mean calculated throughout the 6 yr. Complementarily to previous figures, Figs. 5 and 6 illustrate the mean value of scintillation log-variance at 18.7 and at 39.6 GHz, respectively, as a function of measured surface temperature, retrieved columnar water vapor content and retrieved columnar liquid water content on a monthly basis. The quantitative analysis of Figs. 3-6 can be carried out using the results of Table I . The latter shows the correlation coefficients between monthly mean values and standard deviations of amplitude scintillation log-variance at 18.7 and 39.6 GHz and both meteorological and radiometric data (i.e., surface temperature, surface relative humidity, surface wet refractivity, columnar water vapor content, columnar liquid water content, brightness temperatures at 13.0, 23.8, and 31.6 GHz with 37.8 elevation).
Correlation coefficients between beacon standard deviations and the corresponding mean values at 18.7 and 39.6 GHz are also shown in Table I . As an example, Fig. 7 presents at 18.7 GHz as a function of measured surface temperature, retrieved columnar water vapor content and monthly mean value at 18.7 GHz. From Figs. 3 and 4 it emerges that scintillation intensity and microwave radiometric observations are both higher during summer. July and August are the worst months followed by June, September and May. Mean scintillation log-variance at 39.6 GHz is larger that at 18.7 GHz by about one order of magnitude. Scintillation variability (standard deviation) is stronger at 39.6 GHz than 18.7 GHz due to higher cloud liquid water sensitivity. All ground-based brightness temperature are very well correlated with scintillation log-variances with values larger than 0.8, with the exception of the brightness temperature at 13 GHz.
Figs. 5 and 6 show a fairly high correlation of scintillation log-variances with both surface temperature and wet refractivity, pointing out their significant role as scintillation predictors even in cloudy conditions. Surface relative humidity exhibits a negative correlation due to the decrease of as a consequence of the increase of surface temperature which, in turn, tends to produce atmospheric instability and turbulence.
With respect to the range shown in Figs. 1 and 2 on a short-term basis, monthly-averaged cloud liquid water content in Figs. 3-7 presents a much lower dynamics, being its values between 0.1 and 1.1 kg m . This compression is due to the higher occurrence of "light clouds" than "heavy" clouds, as visible in Fig. 1 . In agreement with Van de Kamp et al., "heavy" clouds are defined as those clouds with CLW content larger than 0.7 kg m , which are basically cumuliform structures. In Northern Italy these types of clouds are typical of summer and autumn seasons, as confirmed by Figs. 5 and 6 where the worst month in terms of CLW content is November.
The analysis of Figs. 5 and 6 reveals a fairly high correlation between cloud-induced scintillation mean intensity and both CWV and CLW contents. Table I confirms this hypothesis with correlation values between 0.6 and 0.8, being larger for water vapor than liquid water. It is interesting to note that there is almost no correlation between the standard deviation of log-variances and liquid water (less than 0.1), much less than the correlation exhibited with other meteorological and radiometric quantities. Negative correlations between and all the meteorological variables (except surface relative humidity) indicate that the greater the scintillation log-variance monthly mean is the smaller its monthly variability is expected. From Fig. 7 average values of at 18.7 and 39.6 GHz (not shown) are about 0.73 and 0.80 Np, respectively. The average value of at 18.7 GHz is slightly lower than that found for OLYMPUS channel at 19.8 GHz [3] .
The physical explanation of the correlation of CLW content with scintillation log-variances can be found in the examination of the processes of cloud turbulence, which widely varies as a function of cloud type and age. Turbulence can affect collision processes and thus the evolution of droplet size spectra through the enhancement of gravitational collection. Possible mechanisms for collisional growth of cloud drops (and of associated liquid water content), may be related to either the eddy structure of turbulent velocity fields (where droplets can be contained in two spatially separated turbulent eddies) or to the relative velocities between the drops and the surrounding air (which arise due to drop's inertia in a turbulent air).
C. Impact on Prediction Models
The use of log-normal probability density function (PDF), as a statistical distribution model of scintillation variance on a long term basis, has found several model and experimental verifications [2] , [4] , [12] . This means that the scintillation logvariance, previously defined as , follows a Gaussian PDF having the form (7) where the "cap" over and indicates estimated log-variance moments. It is now clear that the direct prediction of and (instead of statistical moments of scintillation variance or intensity ) from meteorological data offers the possibility to model millimeter-wave channel scintillation behavior in an easy way.
Previous analysis of Figs. 3-7 corroborates the fact that a statistical prediction of amplitude scintillation log-variance moments (i.e., and ) in presence of clouds would benefit the introduction of columnar liquid water content and columnar water vapor content among its predictors, besides surface temperature and wet refractivity . A general expression for predicting and can be given by
where the subscript reminds that the regression coefficients are derived for a given elevation angle , frequency and antenna-aperture factor . Indeed, as suggested by Table I , another form of (8a) might include measured brightness temperatures at 13.0, 23.8, and 31.6 GHz as alternative predictors [25] , while (8b) could be substituted with an expression where is related directly to the mean value at the same frequency [3] . However, the possibility to predict scintillation log-variance directly from meteorological variables is appealing because it opens the chance to use numerical weather analyzes as a training data set on a global scale. Table II and Table III give the regression coefficients obtained by using the physical-statistical analysis illustrated so far. The number of monthly samples, used for regression analysis, is 72. The expected accuracy is expressed in terms of rms error and correlation coefficient. From other results, not reported in Table II and Table III for brevity reasons, it can be concluded that a polynomial form with a maximum degree higher than 2 does not bring a significant improvement in the prediction accuracy, while a linear regression as function of only give much larger RMS errors of about 0.23 and 0.51 Np at 18.7 and 39.6 GHz, respectively. The suppression of and among the predictors in (8) worsens the rms errors to 0.15 and 0.49 Np at 18.7 and 39.6 GHz, respectively. As expected from Table I , the use of the average values of for predicting would have given a only slightly worse rms error (about 0.07 and 0.17 Np at 18.7 GHz and 39.6 GHz, respectively) than that given by (8b).
Expressions given in (8) could be generalized to any elevation angle , frequency and antenna-aperture factor once known the corresponding scaling laws [1] , [2] . The latter can be usually stated in scintillation theory by resorting to a frequency scaling exponent , elevation scaling exponent and to aperture-averaging factor model so that (8) can be extended as
where and are the normalized mean value and standard deviation of estimated scintillation log-variance. They depend only on meteorological variables and can be derived from (8) and (9) by (10a) (10b) Thus, once determined the appropriate frequency and elevations scaling coefficients, by coupling (9) with (10) and (8) it might be possible to derive a general prediction model to be applied in clear-air and cloudy conditions and completely specified by the knowledge of surface and vertically integrated meteorological variables. The development of such a general model is beyond the scopes of this paper.
IV. CONCLUSION
A physical-statistical analysis has been carried out to include the effects of cloud liquid water along millimeter-wave slant paths on tropospheric amplitude scintillation. A model-based retrieval algorithm of cloud parameters, specifically columnar water vapor and liquid water contents, has been developed using a multiple regression method trained by numerical simulation of radiometric responses in presence of nonraining clouds. Ground-based microwave brightness temperature simulations have been derived from a plane-parallel cloud radiometric model coupled with a cloud-liquid insertion scheme applied to a large set of radiosounding profiles collected during one year in Northern Italy.
Earth-satellite beacon measured data, acquired at the ITALSAT ground-station of Spino d'Adda (Milan, Italy) equipped with 3 satellite beacons at 18.7, 39.6, and 49.5 GHz together with a multichannel radiometer at 13.0, 23.8, and 31.6 GHz and a conventional meteorological station, have been used to experimentally investigate cloud-induced scintillation. Temporal series of beacon, meteorological and radiometric observations during 6 yr, from 1994 to 1999, have been processed. Statistical results on a monthly basis have been illustrated in order to quantify the degree of correlation among ITALSAT scintillation log-variances at 18.7 and 39.6 GHz and surface meteorological data together with retrieved cloud water vapor and liquid water contents. Both monthly mean values and standard deviations of amplitude log-variance have been analyzed in order to completely characterize the channel statistical distribution with respect to cloud-induced scintillation intensity.
A significant correlation between amplitude scintillation monthly means and columnar cloud contents has been proved, larger than 0.85 and 0.65 for CWV and CLW contents, respectively. Monthly standard deviations have shown a much lower correlation, generally less than 0.5 and negatively correlated with meteorological variables (except relative humidity). A nonlinear prediction model has been derived from previous analysis to estimate monthly amplitude scintillation in cloudy conditions from surface meteorological variables and columnar water vapor and cloud liquid water contents. A sensitivity study has indicated that the inclusion of CWV and CLW among the predictors can lead to an improvement of about 10% (at 18.7 GHz) to 20% (at 39.6 GHz) in terms of rms errors.
A way to generalize the results of this paper, necessarily tightened to ITALSAT ground-station specifications, to a prediction tool valid for any frequency, elevation angle, and antenna size and efficiency in clear-air and cloudy conditions has been finally suggested. The generalized prediction model should be tested on independent data sets, internationally available and characterized by adequate and consistent inputs to be carefully verified (e.g., cloud liquid water and water vapor are either not included or not available at the same time/space scale of other radiometeorological parameters). The full accomplishment of this task will be the main subject of future work.
